ABSTRACT: The use of synthetic DNA to design and build molecular machines and well-defined structures at the nanoscale has greatly impacted the field of nanotechnology.
S
ynthetic DNA can be used to design and build molecular machines and well-defined structures at the nanoscale with potential applications in the field of diagnostic and drugdelivery. 1−7 The high programmability and easy-to-predict thermodynamic and kinetic of DNA make it a perfect candidate material to build structures at the nanoscale in an affordable and straightforward way highly simplifying both the design and construction phase. 8−11 A variety of two-dimensional (2D) and three-dimensional (3D) 12−19 structures have been reported to date that are not only highly precise over the nanoscale but could also be designed to perform multiple tasks in response to specific inputs. 20−23 Most of these examples rely on very simple and highly programmable DNA-based reactions. The most commonly used of these reactions is the toehold strand displacement reaction where an "input" DNA strand can invade a target duplex and lead to the displacement of a singlestranded DNA sequence. This reaction is highly controllable and sequence specific, could be performed under isothermal conditions, and the determinants in terms of kinetic, specificity and selectivity have been thoroughly investigated. 24−26 Strand displacement reactions can be used to control the assembly 27−31 and disassembly 32, 33 of DNA-based nanostructures in a versatile and reversible way and to actuate DNAbased nanomachines with high accuracy and precision. 24,34−36 By using different strategies it is also possible to make DNA strand displacement reactions and thus make assembly and actuation of DNA-based nanostructures a process controllable through molecular inputs other than nucleic acid strands such as pH, 37−41 small molecules, 42−45 enzymes, 46 metal ions 47 and temperature. 48 In order to widen the applicability of these devices, however, it would be ideal to control the construction and actuation of such molecular structures and machines without the addition of exogenous reagents. The possibility to remotely control DNA strand displacement reactions and DNA nanostructure self-assembly would in fact represent an important step toward the possible applications of such devices in real settings.
Recently, several groups have demonstrated the possibility of using DNA-modified strands containing light-sensitive bases to employ light as an external input and remotely control DNA nanostructure assembly and actuation. 49−53 Although this approach is highly versatile and advantageous, it also presents several limitations. First, the need for modified bases could impact the overall cost and versatility of the approach and might ultimately represent a challenge from a synthetic point of view. Second, using light as an input does not easily allow one to quantitatively and finely control the assembly and actuation of the nanodevices. Finally, the type of actuation provided by light-sensitive modified DNA bases, such as azobenzenemodified oligonucleotides, 49, 52, 53 is usually limited to cis-to-trans transition making it difficult to orthogonally control more than a single process in the same solution. Motivated by the above considerations, here we propose the use of electronic inputs applied at a heterogeneous surface as a new way to gain control over nucleic acid reactions occurring in solution. Our strategy is based on previous observations regarding DNA-based electrochemical sensors that have demonstrated the possibility of using cathodic potential inputs to release DNA strands from electrode surfaces in a controlled way. 54−60 Using a similar approach, we aim to achieve an efficient, quantitative, and versatile approach that allows us to . Similarly, by varying the period of applied potential on a high-density chip we can modulate strand displacement activation. Shown are two examples of SWV signals before and after potential application for 6 (g) and 30 (h) seconds that demonstrate different degree of input strand desorption corresponding to different degree of strand displacement activation (i−l). Here we have employed the same system shown in Figure 1 . The experiments were performed at 25°C in a 100 μL solution of TAE 1× buffer + 15 mM MgCl 2 pH 7.0, containing 10 nM of duplex target complex. For panels e and f, the applied potential was −1.2 V vs Ag/AgCl for a total period of 30 s. For panels g−i, the concentration of input strand used during the deposition step was 10 μM and a fixed applied potential of −1.2 V vs Ag/AgCl was applied for different periods.
remotely and orthogonally control DNA strand displacement reactions and DNA nanostructure self-assembly. To demonstrate this, we first have designed an input DNA strand, containing a 7-base toehold portion and a 20-base invading domain, capable of inducing a conventional strand displacement reaction with a target duplex DNA ( Figure 1a ). Such input DNA strand is modified at one end (3′) with a thiol group which allows the ready and spontaneous deposition onto a gold electrode surface of a screen printed disposable chip ( Figure 1b ) through gold−thiol reaction (Figure 1c ). By applying a fixed cathodic potential to such chip surface, it is possible to trigger the desorption of the input strand in solution and thus remotely control the activation of the strand displacement reaction (Figure 1d ).
We first demonstrate that strand displacement reaction can be quantitatively modulated by varying the applied cathodic potential. For example, by applying a potential more negative than −1.2 V (vs Ag/AgCl) we observe maximum desorption of the input strand from the chip surface and thus optimal strand displacement activation (Figure 1d ). For potentials comprised between −1.2 and −0.8 V, intermediate activation is instead observed, whereas no significant desorption at applied potentials higher than −0.6 V can be achieved (Figure 1d) . Similarly, no strand displacement activation is observed in the absence of applied potential (Figure 1d ), even after longer incubation periods (i.e., 60 min, see Figure S1 ). This is likely due to the fact that the toehold domain responsible to start the strand displacement reaction is well hidden into the high density self-assembled monolayer film of the chip surface and it is thus not easily accessible to the target duplex DNA. In order to more quantitatively demonstrate the modulated desorption of the input strand from the chip surface upon potential application, we have employed an input DNA strand labeled with an electrochemically active tag (i.e., methylene blue) ( Figure S2 ). The current signal of the electrochemical tag, before and after the potential input is applied, provides a measure of the amount of input strand retained on the chip surface ( Figure S3 ). As expected, we found negligible differences in the current signal for chips treated with applied potentials higher than −0.4 V while major suppression of the signal is observed for applied potentials lower than −0.6 V ( Figure S3 ). Of note, no electrochemical signal due to methylene blue was observed for applied potentials lower than −1.1 V indicating that the input strand was completely desorbed from the chip surface under these conditions ( Figure  S3 ), an observation that is consistent with optimal activation of strand displacement reaction. A further indication of the modulated input strand desorption is also given by the cathodic current produced by the breakage of the Au−S bond and recorded during the application of the potential. Cathodic currents different from those recorded with control chips (without the input strand) were recorded only for potentials lower than −0.6 V ( Figure S4) .
The electronic activation of the strand displacement reaction can be also modulated by varying the density of the input strand on the chip surface. This is easily obtained by changing the concentration of input strand employed during the deposition step (see Figure 2a) . Again, using methylene-blue tagged input strand it is possible to measure the actual density of the input strand on the chip surface using the reduction peak signal of methylene blue (Figure 2b) . By varying the input strand concentration between 0.1 and 10 μM during the deposition step we found that it is possible to modulate the amount of deposited input strand on the chip surface from 2.0 
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This allows us to modulate strand displacement reaction through electrochemical stimuli (Figure 2d−f) . We note, however, that at low densities (<2.1 (±0.2) × 10 −12 mol/ cm 2 ) the activation displacement reaction is within experimental error of the background signal likely because under these conditions the self-assembled monolayer on the electrode surface is not well ordered and this might affect the efficiency of electronic desorption procedure. The input strand density also offers the possibility to understand whether the electronicinduced desorption is quantitative. Indeed, we found that the strand displacement activation signal observed with the highest density chips (i.e., 3.8 (±0.2) × 10 −12 mol/cm 2 corresponding to a concentration of input strand in 100 μL of 2.7 (±0.2) nM) is within experimental error of the signal achieved by exogenously adding the input strand at a 3 nM concentration ( Figure S5 ).
We also demonstrate that it is possible to control input strand desorption and thus strand displacement activation by varying the total period at which a fixed potential (−1.2 V vs Ag/AgCl) is applied on the chip surface. Again, we first show the actual modulation of input strand desorption using methylene-blue-tagged DNA strand (Figure 2g ,h for two representative periods, 6 and 30 s and Figure S6 ) and the consistent modulation of strand displacement activation between 20 and 100% (Figure 2i−l) .
Electronic-induced desorption of the input strand is reversible. In the absence of the reporter complex in solution and under open-circuit condition the input strand, as expected, spontaneously readsorb on the chip surface. To demonstrate this, we have applied a cathodic potential (−1.2 V for 30 s) and then waited different periods before the addition of the reporter complex in solution. After 60 min, a significant reduction in the strand displacement efficiency (i.e., 52%) is observed thus suggesting that a portion of the thiolated input strand reabsorb on the chip surface under open-circuit conditions ( Figure S7 ).
Electronic activation allows the orthogonal remote control of different strand displacement reactions in the same solution. To demonstrate this we have employed, together with the above characterized system (Figure 3a) , other two additional input strands, each targeting a specific duplex DNA labeled with a different fluorophore/quencher pair (Figure 3b,c) . Both these Figure 4 . Remote electronic control of DNA nanostructure selfassembly. Schematics of the tile-based DNA nanotube self-assembly system triggered with electronic input (a). Confocal laser scanning microscopy (b) and AFM (c) images obtained after applying the cathodic potential to the electrode containing the deprotector strand. The length of the nanotubes formed (d) is in agreement with the length of the nanotubes formed by exogenously adding the deprotector strand (i.e., 80 nM) in solution (e). The experiments were performed at 25°C in a 20 μL solution of TAE 1× buffer + 15 mM MgCl 2 pH 7.0, containing 80 nM of the protected tile. The concentration of the deprotector used during the deposition step was 10 μM and a fixed applied potential of −1.2 V vs Ag/AgCl was applied for 10 s. Scale bar is 4 μm for confocal laser scanning microscopy image and 2 μm for AFM image. Figure 5 . Orthogonal electronic control of DNA nanostructure selfassembly. By using a two-electrode chip with two different deprotector strands it is possible to orthogonally trigger self-assembly in the same solution through electronic input (a). Merged confocal laser scanning microscopy images of the two systems obtained by applying the cathodic potential in different combination (b). Filled and black circles are used to identify the electrode at which the potential was applied. The experiments were performed at 25°C in a 20 μL solution of TAE 1× buffer + 15 mM MgCl 2 pH 7.0, containing 80 nM of each protected tile. The concentration of each deprotector used during the deposition step was 10 μM and a fixed applied potential of −1.2 V vs Ag/AgCl was applied for 10 s. Scale bar is 4 μm.
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Nano Lett. XXXX, XXX, XXX−XXX additional systems can be controlled by electronic inputs ( Figures S8 and 9) , period of potential application (Figures S10 and 11) and input strand surface density ( Figures S12 and 13 ) as the previously characterized system. To demonstrate orthogonal electronic activation of strand displacement reactions we have deposited each input strand on the surface of a three-electrode disposable chip (Figure 3d ). By selectively applying the input potential on a single electrode, it is possible to release in solution the desired input strand in a controllable way and activate only a selected strand displacement reaction without significant cross-reactivity (Figure 3e,f) . Electronic inputs can be further used to remotely control the self-assembly of DNA-based nanostructures. To demonstrate this, we have employed a classic DNA tile self-assembly process that, through a strand displacement reaction between a protected nonreactive DNA tile and a deprotector DNA strand, yields DNA structures with nanotube shape in a controlled and isothermal way. 5, 27, 28 By depositing the deprotector strand on the chip surface we can remotely control nanotubes selfassembly through electronic input (Figure 4a ). Confocal laser scanning microscopy (Figures 4b and S14) and AFM images (Figure 4c and S15) confirm that tiles self-assemble only in the presence of the applied input potential, whereas no assembly is observed over the same reaction time without applied potential (Figures S14 and S15). Tile assembly largely yields tubular structures according to fluorescence microscopy and AFM images. Moreover, statistical analysis shows that the length and yield of nanotubes formed upon electronic input (average length = 2 μm and yield = 18 ± 10%) is comparable to those of the control system achieved by exogenously adding the deprotector strand (80 nM) to the same solution of protected tiles (average length = 2 μm and yield = 20 ± 10%) ( Figure  4d,e) .
Also in this case it is possible to orthogonally control the selfassembly of different nanostructures by using a multielectrode chip. We have demonstrated this by employing two different DNA-based tiles triggered by two different deprotector strands (Figure 5a ). By depositing each deprotector onto a different surface of a two-electrode chip and by selectively applying the electronic input on a single electrode, we can remotely and orthogonally control the assembly of two different structures in the same solution with no cross-reactivity (Figures 5b and S16) .
Here we have demonstrated a strategy to remotely control DNA strand displacement reactions and DNA nanostructure self-assembly using electronic inputs. To do this we have applied cathodic potentials to the surface of disposable chip gold electrodes where input DNA strands were absorbed. For the controlled release of the DNA strand in solution, we employed a well-known approach that has been recently demonstrated to control the density of DNA monolayers on gold surfaces to improve the signaling of DNA-based sensors. 56, 58, 60, 61 To the best of our knowledge, this is the first time that this approach is used to control nanoscale systems in solution. The demonstration that electronic inputs applied on a heterogeneous surface can be employed to remotely control reactions and nanoscale structures assembly in solution represents an important advancement that might open the doors to new application of electrochemistry in the field of nanotechnology.
The approach we propose here is versatile and specific and allows us to control multiple DNA strand displacement reactions in the same solution in an orthogonal way. Moreover, we demonstrate that the approach can be easily modulated by varying the applied potential, time of applied input, and density of the input strand on the chip surface. The approach also allows us to control nanostructure self-assembly in a remote and versatile way without the need of exogenous addition of reagents.
Because of the low-cost, possible miniaturization, and massproduction of the electrode chips and portability of equipment, electrochemistry represents a very versatile and convenient tool that can find different applications in clinical settings. For example, the possibility to produce ingestible electronic medical devices for both sensing and drug-delivery purposes that can be controlled inside the body through wireless communication has been recently demonstrated. 62, 63 Furthermore, because in the past decade several innovative DNA-based nanodevices and nanostructures have been proposed for different clinical applications, 64, 65 the possibility demonstrated in this work to regulate DNA-based reactions and nanostructures through electronic stimuli might open the future to new routes to in in vivo monitoring and smart drug delivery.
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